We propose a model with the left-handed and right-handed continuous Abelian gauge symme-
I. INTRODUCTION
A new right-handed gauge symmetry U(1) R [1] [2] [3] [4] [5] [6] is one of the promising candidates naturally to accommodate the three right-handed neutrinos to achieve the anomaly cancellations, whose nature is the same as a theory of B − L gauge symmetry [7] . In addition, it is a verifiable and characteristic candidate to be tested by phenomena at current and future collider experiments such as international linear collider (ILC) [8] by measuring several differential cross sections for purely polarized initial states as well as the large hadron collider (LHC). In particular, the new gauge interaction of U(1) R can be distinguished from that of U(1) B−L models [5] . This arises from the chiral asymmetry between right-handed and left-handed fermions in the new gauge interactions of a theory. However one might think why only the U(1) R gauge symmetry is there, and/or what about the left-handed type gauge symmetry U(1) L under which only left-handed fermions are charged. Actually the minimal U(1) R model requires its rather large breaking scale ∼ O(20) TeV, due to a few number of parameters in the gauge sector [5, 6] , which can be relaxed considering U(1) L gauge symmetry. It is thus interesting to consider U(1) L gauge symmetry together with the U(1) R symmetry and discuss how to distinguish the two types of gauge interactions at the collider experiments.
In this paper, we extend the minimal U(1) R gauge symmetry into the U(1) L × U(1) R and construct a consistent model in a minimal way. Then we need exotic quarks and leptons in order to cancel the new gauge anomalies, two Higgs doublet fields to induce nonzero SM fermion masses, and two SM singlet scalar fields with new U(1) charges to break the new gauge symmetries and to provide masses of exotic fermions. As a result, breaking scale of U(1) L ×U(1) R can be lower than the case with only U(1) R due to additional parameters and degrees of freedom in the gauge boson sector. Then we formulate each of fermion sector, Higgs boson sector, vector gauged boson sector, as well as neutrino sector. We show that the Yukawa interaction among two Higgs doublets and SM fermions is that of the type-II two Higgs doublet model (THDM) due to the new gauge symmetry. In addition we discuss the possibility of testing the new gauge interactions at current and future collider such as LHC and ILC and of distinguishing differences between our model and the others.
This letter is organized as follows. In Sec. II, we introduce our model, and formulate Higgs sector, neutral gauge sector, neutrino sector, and interacting terms. In Sec. III, we 
with r, ℓ = 0, where their upper indices a are the number of family that run over 1 − 3. discuss phenomenologies of new neutral gauge boson at colliders. Finally we devote the summary of our results and the conclusion in Sec. IV.
II. MODEL SETUP AND CONSTRAINTS
In this section we review our model based on U(1) L ×U(1) R symmetry where the left-and right-handed SM fermions are charged under U(1) L and U(1) R respectively. In the fermion sector, we add three families of right-handed Majorana fermions ν a R (a = 1 − 3) to cancel the U(1) R anomalies among SM fermions, which are the same assignments as ref. [5, 6] due to their zero charges for the other exotic fermions; Q ′ and L ′ . Three Q ′ and L ′ are also introduced to cancel the U(1) L anomalies among SM fermions, whose assignments are similar to the one of ref. [9] . The other nontrivial anomalies between U(1) L and U(1) R arise 
whereH ≡ iσ 2 H, and upper indices (a, b) = 1-3 are the number of families, and y ν , y ′ Q , and y ′ L can be diagonal matrix without loss of generality due to the phase redefinitions of corresponding fermions. Notice that our Yukawa interactions for the SM fermions are the same as that in the Type-II THDM. In addition, the scalar potential in our model is written
where the last term is non-trivial in the potential and we assume all the couplings are real. 
A. Scalar sector
The scalar fields are parameterized as
where the singly charged sector w ± u,d can be considered as the same manner in the THDM [10] . In the singly charged boson sector, we have two by two mass matrix squared M 2 C , and diagonalized by orthogonal mixing matrix
T , where w ± is absorbed by charged gauge boson W ± . These analytical forms are also found to be as follows:
where c β (s β ) = cos β(sin β) and v ≡ v 2 u + v 
Here we identify h 1 ≡ h SM .
In the similar way for the CP-even sector, we have four by four mass matrix squared
2 terms in the THD sector, the non-zero physical
CP-odd mass term comes from (H
L + c.c., associated with coupling λ 0 . Then the mass matrix is diagonalized by orthogonal mixing matrix
t , where z 1 , z 2 , z 3 are massless bosons. These are analytically found to be as follows:
where
Then they are respectively absorbed by neutral gauge bosons; Z SM , Z L , Z R . In this model, the nature of THD sector is similar to that of type-II THDM.
We thus omit detailed analysis of phenomenology in the scalar sector and focus on gauge sector in our analysis below.
B. Neutral gauge boson sector
where (1) L , and U(1) R , respectively. Then its mass matrix is diagonalized by the three by three mixing matrix V as V m
), where
is identified as the measured neutral gauge boson. Here we find that Z L does not mix with the others when v u = v d . Note that mixing between Z SM and the other neutral gauge bosons are strongly constrained. We thus assume the mixings are negligibly small. This can be realized when m Z 1 ≪ m Z 2,3 . On the other hand mixing between Z L and Z R can be sizable if their masses are same order and we take the mixings
where a ′ = 2, 3 and we have introduced mixing angle A. For the case of
Thus mixing is typically small unless m Z 2 ∼ m Z 3 . In addition, precise measurement of Z boson mass would give strong constraint. Since the ambiguity of the Z boson mass is around 0.0021 [12] , one has to require
Therefore stringent constraint in terms of mass parameters would be induced by mass eigenvalue of m Z 1 and (13). Note that we can tune parameters in the model to satisfy the condition in contrast to the case with only U(1) R [5] and the constraint on the new gauge boson masses is less stringent. In this paper, we thus just assume m Z 1 ≃ m Z SM for simplicity.
C. Fermion sector
Fermion masses: After spontaneous symmetry breaking, we find fermion masses as
The exotic fermions are also found
where we define
In the neutral sector, we have the six by six mass mass matrix in basis of (ν L , ν R ) as
given by
and 
where θ ≡ m D M −1 , V M N S and D ν l are observable and fixed by the current neutrino oscillation data [12] . One also finds the following relation between flavor-and mass-eigenstate:
Gauge interactions for neutral fermions: Now that we formulate the masses and their mixings for the fermions, one can write down the interactions from the kinetic term in
First of all, let us focus on neutral fermion sector. Then one can write down their interactions in terms of mass eigenstate as
where we do not consider the neutral component of L ′ , since it does not mix each other.
The Z a interactions with charged fermions in the SM: The interactions associated with neutral gauge bosons and charged fermions in the SM are given by
where f indicates charged leptons and quarks in the SM, Q f is the electric charge of f ,
with Weinberg angle θ W and we have applied the approximation V 11 ∼ 1(V 12,13,21,31 ≪ 1) in the second equality.
The Z a interactions with exotic fermions : Furthermore, the interactions associated with the exotic fermions are respectively given by
In addition, electromagnetic interactions are the same structure as the SM one;
III. Z ′ BOSONS AT COLLIDERS
In this section, we discuss collider physics of Z ′ bosons focusing on interactions with the SM fermions.
A. Z ′ boson productions in proton-proton collider
Our exotic neutral gauge bosons Z 2,3 can be produced at the LHC through theqq → Z 2,3
process, since they couple to the SM quarks. The gauge interactions among Z 2,3 and SM quarks are given by
where we have used Eq. (11) for mixing matrix V . We note that interaction for SM charged leptons is the same form as that of d-quarks. The Z 2,3 decay into quarks and leptons with BRs as BR(Z 2,3 →qq) ≃ 3BR(Z 2,3 → ℓ + ℓ − ) due to universal couplings to quark and lepton sectors 2 . The strongest constraint on the Z 2,3 masses and couplings is derived by Here we also note that exotic fermions Q ′ , L ′ as well as ν R can be produced through interaction with Z 2,3 . In this paper we just assume these particles are sufficiently heavy and further discussion is left in future work since we focus on signal of Z 2,3 bosons. . In our model, effective operators can be written by
where δ eℓ ′ is the Kronecker delta, and we have applied interactions in Eq. (20) and used Eq. (11) for mixing matrix V . Here we note that (Λ
LL(RR) due to the mixing angle A given by Eq. (12); either | sin A| or |1/m
| factor is small in the square root. Thus we ignore Λ ℓ ′ LR (RL) in the following analysis as an approximation. Furthermore we take ℓ = r = 1 to reduce the number of free parameter.
We can test dependence of scattering processes on left-handed and right-handed types of interactions by an analysis with polarized initial state at the ILC. To apply the method discussed in ref. [16] , we consider the processes
where k i indicates 4-momentum of each particle and we explicitly show the helicities of initial-and final-state leptons σ i = ±. Combining the SM and Z 2,3 contributions, helicity
with α being the QED coupling constant, 
L,R . Note also that, in the following analysis, we omit the case of τ + τ − final state since it is less sensitive compared to the others.
Applying the amplitudes, the differential cross-section for purely-polarized initial-state
Then we define partially-polarized differential cross section such that
where P e − (e + ) is the degree of polarization for the electron(positron) beam and the helicity of final states is summed up. Polarized cross sections σ L,R are also defined by the following two cases as realistic values at the ILC [17] :
We apply the polarized cross sections to study the sensitivity to Z 2,3 bosons in e + e − → ℓ + ℓ − scattering via the measurement of a forward-backward asymmetry at the ILC, which is given by where L is an integrated luminosity, a kinematical cut c max is chosen to maximize the sensitivity, and ǫ is an efficiency depending on the final states. In our analysis we assume ǫ = 1 for electron and muon final states, and c max = 0.5(0.95) is taken for electron(muon) final state [19] . Then the forward-backward asymmetry is estimated for cases with only the SM gauge boson contributions, and with both SM and Z . The sensitivity to Z 2,3 interaction is thus estimated
We compare this quantity with a statistical error of the asymmetry, assuming only SM
where both σ L and σ R cases are considered separately. sensitive to analysis with σ L and σ R .
IV. SUMMARY AND CONCLUSIONS
We have proposed a model with the left-handed and right-handed continuous Abelian gauge symmetry U(1) L × U(1) R introducing several exotic field contents as a minimal construction of such gauge theory. Then we have introduced exotic quarks and leptons in order to cancel the new gauge anomalies, two Higgs doublet fields to induce nonzero SM fermion masses and two SM singlet scalar fields with new U(1) charges to break the additional U(1)
gauge symmetries and to provide masses of exotic fermions. Then we have formulated each of fermion sector, Higgs boson sector, vector gauged boson sector, as well as neutrino sector.
We have found the Yukawa interaction among two Higgs doublets and the SM fermions is that of type-II two Higgs doublet model. Also active neutrino masses can be obtained after spontaneous gauge symmetry breaking as the same way as type-I seesaw mechanism.
As a direct result of two gauge symmetries, their breaking scales can be within several TeV which is lower than the case of only U(1) R symmetry; this is due to additional parameters and can distinguish which types of interaction is stronger than the others.
